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We report results of a study of doubly charmed baryons and charmed strange baryons. The
analysis is performed using a 980 fb−1 data sample collected with the Belle detector at the
KEKB asymmetric-energy e+e− collider. We search for doubly charmed baryons Ξ
+(+)
cc with
the Λ+c K
−π+(π+) and Ξ0cπ
+(π+) final states. No significant signal is observed. We also search
for two excited charmed strange baryons, Ξc(3055)
+ and Ξc(3123)
+ with the Σ++c (2455)K
− and
Σ++c (2520)K
− final states. The Ξc(3055)
+ signal is observed with a significance of 6.6 standard
deviations including systematic uncertainty, while no signature of the Ξc(3123)
+ is seen. We also
study properties of the Ξc(2645)
+ and measure a width of 2.6 ± 0.2 (stat) ± 0.4 (syst) MeV/c2,
which is the first significant determination.
PACS numbers: 14.20.Lq, 14.20.-c, 14.20.Gk
I. INTRODUCTION
In recent years, there has been significant progress in
charmed baryon spectroscopy, mainly by the Belle and
BaBar experiments [1–8]. In particular, all the ground
states of the single-charmed baryons predicted by the
constituent quark model and several excited states have
3been observed [9].
However, there are no experimentally established
doubly-charmed baryons. The lightest doubly-charmed
baryon contains two charm quarks and one up or down
quark (Ξ+cc = ccd, Ξ
++
cc = ccu), and the spin-parity of
the ground state is expected to be 12
+
. The mass of the
Ξcc has been extensively studied theoretically, and the
prediction of the quark model ranges from 3.48 GeV/c2
to 3.74 GeV/c2 [10–22], whereas the mass predicted by
lattice QCD ranges from 3.51 GeV/c2 to 3.67 GeV/c2
[23–27]. The cross sections of the Ξcc production in the
process e+e− → ΞccX at
√
s = 10.58 GeV, where X de-
notes the remaining particles produced in the fragmen-
tation, is predicted to be 70 fb in Ref. [28] and 230 fb in
Ref. [29]. The cross section of the pair production of the
cc and c¯c¯ diquarks is predicted to be 7 fb [30].
There have been several experimental studies to search
for the Ξcc. The SELEX collaboration reported evidence
for the Ξ+cc in the Λ
+
c K
−π+ [31] and pD+K− [32] fi-
nal states with a mass of about 3.52 GeV/c2 using a 600
GeV/c charged hyperon beam. However, the results have
not been supported by FOCUS [33], BaBar [34], Belle [2]
nor LHCb [35]. The BaBar collaboration searched for
the Ξ
+(+)
cc in the Λ+c K
−π+(π+) and Ξ0cπ
+(π+) decay
modes with a 232 fb−1 data sample of e+e− collisions
at or near the Υ(4S). They found no evidence for the
Ξ
+(+)
cc and set an upper limit on the product of the
production cross section and branching fractions of Ξcc
and Λ+c or Ξ
0
c to be a few fb, depending on the decay
mode. In our search for the Ξ+cc in the Λ
+
c K
−π+ fi-
nal state with a 462 fb−1 data sample of Belle at or
near the Υ(4S) [2], Belle also found no evidence for
the Ξ+cc and set an upper limit on σ(e
+e− → Ξ+ccX) ×
B(Ξ+cc → Λ+c K−π+)/σ(e+e− → Λ+c X) of 1.5 × 10−4
with a p∗(Λ+c ) > 2.5 GeV/c requirement. Here, p
∗(Λ+c )
is the momentum of the Λ+c in the center-of-mass (CM)
frame.
In this paper, we report on an improved search for
the Ξcc in its weak decays to the Λ
+
c K
−π+(π+) and
Ξ0cπ
+(π+) final states. The Belle collaboration has col-
lected a data sample with a total integrated luminosity
of 980 fb−1, which is around two (four) times the statis-
tics of the previous Ξcc search by Belle [2] (BaBar [34])
and supersedes the results in Ref. [2]. Furthermore, in
the previous studies, the Λ+c and the Ξ
0
c states have
been reconstructed only from decay modes of pK−π+
and Ξ−π+, respectively. We incorporate additional de-
cay modes to improve the statistical sensitivity.
The same data sample can be used to study charmed
strange baryons, as the Λ+c K
−π+ and the Ξ0cπ
+ fi-
nal states are strong decay modes of excited Ξ+c
(Ξ∗+c ) states. The BaBar collaboration found two
Ξ∗+c states, Ξc(3055)
+ and Ξc(3123)
+, decaying to the
Λ+c K
−π+ final state through intermediate Σc(2455)
++
or Σc(2520)
++ states using a data sample of 384 fb−1 [6].
Their statistical significance was 6.4 standard deviations
(σ) and 3.6σ, respectively. A confirmation of these states
in other experiments is necessary. The Ξ0cπ
+ is a strong
decay mode of the Ξc(2645)
+. Currently, only the up-
per limit of 3.1 MeV/c2 exists for its width [36]. In this
paper, we also report on a search for the Ξc(3055)
+ and
Ξc(3123)
+ in the Λ+c K
−π+ final state, and the measure-
ment of the width of the Ξc(2645)
+.
The remaining sections of the paper are organized as
follows. In section II, the data samples and the Belle de-
tector are described. In section III, a study of the final
states with Λ+c , i.e., the Ξcc search and the Ξc(3055)
+ and
Ξc(3123)
+ search, are reported. In section IV, a study
of the final state with Ξ0c i.e., the Ξcc search and mea-
surement of the width of the Ξc(2645)
+, are described.
Finally, conclusions are given in section V.
II. DATA SAMPLES AND THE BELLE
DETECTOR
We use a data sample with a total integrated lumi-
nosity of 980 fb−1 recorded with the Belle detector at
the KEKB asymmetric-energy e+e− collider [37]. The
data samples with different beam energies at or near the
Υ(1S) to Υ(5S) are combined in this study. The beam
energies and integrated luminosities are summarized in
Table I. The luminosity-weighted average of
√
s is 10.59
GeV.
The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector (SVD),
a 50-layer central drift chamber (CDC), an array of aero-
gel threshold Cherenkov counters (ACC), a barrel-like ar-
rangement of time-of-flight scintillation counters (TOF),
and an electromagnetic calorimeter comprised of CsI(Tl)
crystals (ECL) located inside a superconducting solenoid
coil that provides a 1.5 T magnetic field. An iron flux re-
turn located outside of the coil is instrumented to detect
K0L mesons and to identify muons (KLM). The detector
is described in detail elsewhere [38]. Two inner detector
configurations were used. A 2.0 cm radius beampipe and
a 3-layer silicon vertex detector were used for the first
sample of 156 fb−1, while a 1.5 cm radius beampipe, a 4-
layer silicon detector and a small-cell inner drift chamber
were used to record the remaining 824 fb−1 [39].
The selection of charged hadrons is based on infor-
mation from the tracking system (SVD and CDC) and
hadron identification system (CDC, ACC, and TOF).
The charged proton, kaon, and pion that is not asso-
ciated with long-lived particles like K0S , Λ and Ξ
−, is
required to have a point of closest approach to the inter-
action point that is within 0.2 cm in the transverse (r-φ)
direction and within 2 cm along the z-axis. (The z-axis
is opposite the positron beam direction.) For each track,
the likelihood values Lp, LK , and Lpi are provided for
the assumption of proton, kaon and pion, respectively,
from the hadron identification system, based on the ion-
ization energy loss in the CDC, the number of detected
Cherenkov photons in the ACC, and the time of flight
measured by the the TOF. The likelihood ratio is de-
4fined as L(i : j) = Li/(Li + Lj) and a track is identified
as a proton if the likelihood ratios L(p : π) and L(p : K)
are greater than 0.6. A track is identified as a kaon if the
likelihood ratios L(K : π) and L(K : p) are greater than
0.6. A track is identified as a pion if the likelihood ratios
L(π : K) and L(π : p) are greater than 0.6. In addition,
electron (Le) likelihood is provided based on information
from the ECL, ACC, and CDC [40]. A track with an
electron likelihood greater than 0.95 is rejected.
The momentum averaged efficiencies of hadron identifi-
cation are about 90%, 90%, and 93% for pions, kaons and
protons, respectively. The momentum averaged proba-
bility to misidentify a pion (kaon) track as a kaon (pion)
track is about 9 (10)%, and the momentum averaged
probability to misidentify a pion or kaon track as a pro-
ton track is about 5%.
We use a Monte-Carlo (MC) simulation events gener-
ated with EVTGEN [41], JETSET [42] with final QED
final state radiation by PHOTOS [43] and then processed
by a GEANT3 [44] based detector simulation to obtain
the reconstruction efficiency and the mass resolution.
III. FINAL STATE WITH THE Λ+c
In this section, the analysis using the final states with
the Λ+c baryon is described. Reconstruction of the Λ
+
c
candidate is explained first, followed by the description of
the Ξ
+(+)
cc search in its decay into Λ+c K
−π+(π+) and the
study of two charmed strange baryons, Ξc(3055)
+ and
Ξc(3123)
+. Throughout this paper, the selection criteria
are determined to maximize the figure of merit (FOM),
defined as ǫ/
√
Nbg, where ǫ is the Ξcc efficiency for the
selection criteria and Nbg is the number of background
events under the signal peak except for the scaled mo-
mentum selection for Ξc(3055)
+ and Ξc(3123)
+ search,
which followed BaBar’s analysis. The distribution of
background events is estimated based on data. When
the selection criteria are determined, we hide the pos-
sible signal peak by smearing invariant mass of the Ξcc
candidates event by event with a Gaussian having a 50
MeV/c2 width in order to avoid any biases.
A. Reconstruction of the Λ+c
The Λ+c candidates are reconstructed in the pK
−π+
and pK0S decay modes [45]. The K
0
S candidate is re-
constructed from its decay into π+π−. A pair of oppo-
sitely charged pions that have an invariant mass within 8
MeV/c2 of the nominal K0S mass, which corresponds to
approximately 3.5σ of the mass resolution, is used. Two
pion tracks are fitted to a common vertex. The result
of the fit is used to suppress misreconstructed K0S candi-
dates and to perform further vertex fit of the Λ+c → pK0S.
The vertex of the two pions for the K0S is required to be
displaced from the interaction point (IP) in the direction
of the pion pair momentum [46]. The daughters of the Λ+c
are fitted to a common vertex; the invariant mass of the
daughters must be within 5 (6) MeV/c2, or 1.5σ, nom-
inal Λ+c mass for the pK
−π+ (pK0S) decay mode. The
χ2 value of the common vertex fit of the Λ+c is required
to be less than 50. For the remaining candidate, a mass
constraint fit to the Λ+c mass is performed to improve
the momentum resolution. As the signal-to-background
ratio for the Λ+c candidates is similar for the pK
−π+ and
pK0S decay modes, they are combined in the following
analysis. By including the pK0S mode in addition to the
pK−π+ mode, the yield of the Λ+c is increased by about
20%.
B. Search for doubly charmed baryons in
Λ+c K
−π+(π+)
We search for the Ξ
+(+)
cc in its decay into Λ+c K
−π+(π+)
in the mass range of 3.2-4.0 GeV/c2. The expected
mass resolution of the Ξcc estimated from MC is 2.0-3.5
MeV/c2, depending on the mass of the Ξcc (degrading
with increasing mass). In order to reduce the combina-
torial background, a selection on the scaled momentum
xp = p
∗/
√
s/4−m2 is used, where p∗ is the CM momen-
tum of a Ξcc candidate and s is CM energy squared and
m is mass of the Ξcc candidate. As there is no measure-
ment of the xp spectrum for Ξcc production, we assume
it to be the same as that of the Λ+c , which has been
precisely measured [47]. The xp spectrum is represented
by a smooth polynomial function and is used to gener-
ate a MC sample for the Ξcc signal. Decays of the Ξcc
and Λ+c are generated according to the available phase
space distribution. The number of background events as
a function of the xp cut is estimated based on smeared
data. The FOM as a function of the xp cut is surveyed
in the search region. The optimization procedure yields
0.5 < xp < 1.0 regardless of the Ξcc mass. To check the
validity of our analysis, we independently examine the
xp spectrum of the Λ
+
c and confirm that it is consistent
with that presented in Ref. [47].
Figure 1 (a) and (b) show the M(Λ+c K
−π+) and
M(Λ+c K
−π+π+) distributions, respectively, for data af-
ter all the event selections applied. No significant sig-
nal is seen in the data for either Ξ+cc or Ξ
++
cc . The sta-
tistical significance for a given mass is evaluated with
an unbinned extended maximum likelihood (UML) fit.
The probability density function (PDF) for the signal is
described with signal MC generated for each given Ξcc
mass, whereas a third-order polynomial function is used
as the background PDF. The statistical significance is
defined as
√
−2 ln (L0/L), where L0 is the likelihood for
the fit without the signal component and L is the likeli-
hood for the fit with the signal component included. The
significance is evaluated for the Ξcc mass scanned with a
1 MeV/c2 step in the search region. None of the mass
points give a significance exceeding the 3σ level.
5TABLE I: Summary of the integrated luminosities and beam energies.
√
s Υ(5S)/near it Υ(4S)/near it Υ(3S)/near it Υ(2S)/near it Υ(1S)/near it
Integrated luminosity (fb−1) 121.0/29.3 702.6/89.5 2.9/0.3 24.9/1.8 5.7/1.8
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FIG. 1: Invariant mass distribution of the Ξcc candidates for (a) M(Λ
+
c K
−π+), (b) M(Λ+c K
−π+π+); the vertical error bars
are from data and the dashed histogram are from signal MC for the Ξcc signal generated with a mass of 3.60 GeV/c
2 and a
production cross section σ(e+e− → Ξ+(+)cc X) of 500 fb and B(Ξ+(+)cc → Λ+c K−π+(π+)) of 5%. 95% C.L. upper limit of σB as a
function of the mass with a 1 MeV/c2 step for (c) Ξ+cc and (d) Ξ
++
cc .
The 95% confidence level (C.L.) upper limit for the
product of the cross section and branching fraction to
the ΛcK
−π+(π+) state produced with the 0.5 < xp < 1.0
condition,
σB ≡ σ(e+e− → Ξ+(+)cc X)× B(Ξ+(+)cc → Λ+c K−π+(π+))
=
Nsig
2LBpK−pi+(ǫpK−pi+ + ǫpKSBpKS/BpK−pi+)
,
is evaluated. Here, L is the total integrated luminos-
ity, Nsig is the Ξcc signal yield, BpK−pi+ is the branching
fraction of the Λ+c → pK−π+ (which amounts to 0.050
± 0.013), BpKS is the branching fraction of Λ+c → pK0S
measured relative to the pK−π+ mode (BpKS/BpK−pi+ =
0.24 ± 0.02), and ǫpK−pi+(pKS) is the reconstruction effi-
ciency for the Λ+c → pK−π+ (Λ+c → pK0S) decay mode
evaluated as a function of the Ξcc mass. The efficiencies
for the Ξ
+(+)
cc as a function of their masses are shown
in Fig. 2. The factor of two in the denominator comes
from inclusion of the charge-conjugate mode. By includ-
ing this factor, our measurement can be compared with
the theoretical predictions [28, 29]; while to compare with
the prediction in Ref. [30], it is necessary to multiply our
σB measurement by 2 because they predicted the cross
section of the pair production of the cc and c¯c¯ diquarks.
In BaBar’s measurement [34], they do not introduce the
factor of two (i.e., they report an upper limit for the
sum of the σ(e+e− → Ξ+(+)cc X) and its charge-conjugate
mode). Therefore, our measurement should be doubled
when comparing with BaBar’s result. We note that the
cross section reported here and elsewhere in this paper is
a visible cross section (i.e., a radiative correction is not
applied.
The upper limit is evaluated following the Bayesian ap-
proach. First, we scan the likelihood profile by determin-
ing the likelihood values as a function of the σB (L(σB)),
varying Nsig from zero up to the Nsig value for which the
likelihood drops to zero. Then, L(σB) is convolved with
a Gaussian whose width equals the systematic uncertain-
ties of σB. The σB value for which the integral (starting
from σB = 0) becomes 95% of the entire area is regarded
6as the 95% C.L. upper limit.
We consider the following systematic uncertainties in
the Ξcc search. The systematic uncertainty due to the ef-
ficiency of pion and kaon identification is estimated from
the ratio of the yield of the D∗+ → D0π+, D0 → K−π+
with and without the pion/kaon identification require-
ments for data and MC. The difference of the ratio be-
tween data and MC is corrected and the statistical er-
ror of the ratio is regarded as the systematic uncertainty.
The systematic uncertainty due to the efficiency of proton
identification is estimated using the ratio of the yield of
the Λ→ pπ− with and without the proton identification
requirement. The difference of the ratio between data
and MC is corrected and the statistical error of the ratio
is regarded as the systematic uncertainty. The systematic
uncertainty due to the charged track reconstruction effi-
ciency is estimated using the decay chain D∗+ → π+D0,
D0 → π+π−K0S , and K0S → π+π−, where K0S → π+π−
is either partially or fully reconstructed. The ratio of
the yields for partially and fully reconstructed signals in
data and MC is compared, and the difference is taken
as the systematic uncertainty. This amounts to 0.35%
per track. The systematic uncertainty of the total inte-
grated luminosity is 1.4%. To check the systematic error
due to the signal PDF, we compare the mass resolution
of the Λ+c in data and MC. We find that the resolution
for data is 5% larger than in MC. To monitor the effect
of this discrepancy, we perform a pseudo-experiment test
in which we extract the signal yield with correct PDF
and one that is narrower by 5%. The largest difference
of 3% measured in this test is regarded as the system-
atic uncertainty. The systematic uncertainty related to
the Λ+c branching fraction is propagated from the errors
taken from the PDG [9]. To estimate the systematic un-
certainty of the reconstruction efficiency due to the pos-
sible difference of xp spectrum between our assumption
(the same as that of Λ+c ) and actual one, we examine
the xp dependence of the reconstruction efficiency. The
root mean square of the reconstruction efficiency in the
region of 0.5 < xp < 1.0 is regarded as the systematic
uncertainty. The elements of the systematic uncertainty
for the measurement of the σB are enumerated in the first
and second columns of Table II.
Figures 1 (c) and (d) show the 95% C.L. upper limit
on σB for Ξ
+
cc and Ξ
++
cc , respectively, as a function of the
mass with a 1 MeV/c2 step. The upper limit is in the
range of 4.1–25.0 fb for the Ξ+cc and 2.5–26.5 fb for the
Ξ++cc .
C. Search for the Ξ+c (3055) and Ξ
+
c (3123)
In this section, a search for the Ξ+c (3055) and Ξ
+
c (3123)
is described. Here, we require xp to be greater than
0.7. In the analysis by BaBar [6], they required
p∗(Λ+c K
−π+) >2.9 GeV/c, which is similar to our xp
cut as illustrated by the p∗(Λ+c K
−π+) distribution, with
the xp cut and 2.9 GeV/c
2 < M(Λ+c K
−π+) < 3.2
GeV/c2 required as shown in Fig. 3 (a). Figure 3 (b)
shows the M(Λ+c π
+) distribution, where contributions
from the Σc(2455)
++ and the Σc(2520)
++ baryons are
clearly visible. We select the Σc(2455)
++ (Σc(2520)
++)
region by requiring |M(Λ+c π+)−mΣ++c | < 5 (18) MeV/c2,
where mΣ++c is the nominal mass of the Σc(2455)
++ or
Σc(2520)
++.
Figure 3 (c) shows the M(Λ+c K
−π+) distribution for
the Σc(2455)
++ signal region together with the same
plot for the Σc(2455)
++ sideband region, defined as
|M(Λ+c π+)− (mΣc(2455)++ ± 15 MeV/c2 )| < 5 MeV/c2.
Clear peaks corresponding to the Ξc(2980)
+, Ξc(3055)
+
and Ξc(3080)
+ are seen. To obtain the statistical signifi-
cance of the Ξc(3055)
+, an UML fit is applied. PDFs for
the Ξ∗+c components are represented by a Breit-Wigner
line-shape convolved with a Gaussian to account for the
invariant-mass resolution (σres). Using the signal MC
events, we estimate σres to vary from 1.2 to 1.8 MeV/c
2,
depending on the masses of the Ξ∗+c states. The width
and mean of the Breit-Wigner functions are treated as
free parameters. The background PDF, f1(x), is mod-
eled with a threshold function:
f1(x) = 1− exp((x − x0)/δm)(x/x0)a
+ b(x/x0 − 1) (if x > x0)
f1(x) = 0 (if x < x0), (1)
where a, b, x0, and δm are free parameters in the fit.
The fit result is shown in Fig. 3 (c). To estimate
the statistical significance of the Ξc(3055)
+, we compare
the likelihood values for the fits with and without the
Ξc(3055)
+ component. The obtained −2 ln (L0/L) value
is 54.7. By taking into account the change of the num-
ber of degrees of freedom (ndf) by the inclusion of the
Ξc(3055)
+ component, the statistical significance of the
Ξc(3055)
+ becomes 6.8σ. The χ2/ndf of the fit with the
Ξc(3055)
+ component, for the binning of Fig. 3 (c), is
54.8/61.
Figure 3 (d) shows the M(Λ+c K
−π+) distribution for
the Σc(2520)
++ selected region together with the same
plot for the Σc(2520)
++ sideband region, defined as
|M(Λ+c π+)−(mΣc(2520)++±27 MeV/c2 )| < 12 MeV/c2.
A clear peak corresponding to the Ξc(3080)
+ is seen,
while no peak structure is seen in the mass near 3.123
GeV/c2. An UML fit is applied to extract the signal
yield. Again, the Ξ∗+c components are represented by a
Breit-Wigner function convolved with a Gaussian. For
the Ξc(3080)
+ component, the mass and width of the
Breit-Wigner are treated as free parameters; while for
the Ξc(3123)
+ component, the mass and width are fixed
to the values obtained in Ref.[6]. The background shape,
f2(x), is assumed to be:
f2(x) = (1 − exp((x − x0)2/δm))(x/x0)a
+ b(x/x0 − 1) + c((x/x0)2 − 1) (if x > x0)
f2(x) = 0 (if x < x0), (2)
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FIG. 2: Reconstruction efficiency as a function of the Ξcc mass, for (a) Ξ
+
cc, (b) Ξ
++
cc . Circular points are for Λ
+
c → pK−π+
and square points are for Λ+c → pK0S. The lines show the result of the fit with a linear function.
TABLE II: Summary of the systematic uncertainties in the σB and σB2 measurement (%).
Source Ξ+cc with Λ
+
c Ξ
++
cc with Λ
+
c Ξc(3123)
+ Ξ+cc with Ξ
0
c Ξ
++
cc with Ξ
0
c
Particle ID 2.0 2.4 2.0 3.5 3.8
Tracking 1.8 2.1 1.8 1.8 2.1
Signal PDF 3.5 3.5 28.0 3.5 3.5
Luminosity 1.4 1.4 1.4 1.4 1.4
B 26.0 26.0 1.6 0.7 0.7
xp 2.1 2.3 1.2 6.0 5.7
N iΞc(2645)+ - - - 4.3 4.3
total 26.5 26.6 28.2 9.2 9.2
where a, b, c, x0, and δm are fit parameters. The χ
2/ndf
of the fit with the Ξc(3123)
+ component for the binning
of Fig. 3 (d) is 28.6/42. The yield of the Ξc(3123)
+ is 8
± 22 events, which is consistent with zero. Hence, a 95%
C.L. upper limit for the production cross section is eval-
uated with the method described in the previous section.
To directly compare with the BaBar result in Ref. [6],
the upper limit for the product of the cross section and
branching fraction of Λ+c produced with xp > 0.7 condi-
tion,
σ
BΛ+c
≡ σ(e+e− → Ξc(3123)+X)× B(Λ+c → pK−π+)
=
Nsig
2L(ǫpK−pi+ + ǫpKS × BpKS/BpK−pi+)
,
is evaluated. As in Ref. [6], we assume B(Ξc(3123)+ →
Σc(2520)
++K−) is equal to 1.
To take the uncertainty of the Ξc(3123)
+ mass and
width from Ref. [6] into account, we perform a pseudo-
experiment test. The background and Ξc(3080)
+ con-
tributions are generated with statistics similar to data
and based on the fit result. The Ξc(3123)
+ component is
generated with mass and width changed by ±1σ, corre-
sponding to their measured uncertainties (3122.9 ± 1.3 ±
0.4 MeV/c2 for the mass and 4.4 ± 3.4 ± 1.7 MeV/c2 for
the width). The yield of Ξc(3123)
+ is extracted by fit-
ting pseudo-experiment data with the procedure used for
data. The ratio of the generated and extracted yield is
regarded as a systematic uncertainty. Because the error
of the width is relatively large, its systematic uncertainty
contribution is dominant (28%). All of the systematic er-
rors are summarized in the third column of Table II. The
95% C.L. upper limit on σ
BΛ+c
is 0.17 fb. As in the case
of the Ξcc cross section, the measurement in Ref. [6] does
not introduce a factor of two for the σ
BΛ+c
calculation.
Therefore, we should double our measurement, which re-
sults in 0.34 fb, when comparing with BaBar’s result.
The value is much smaller than that quoted in Ref. [6]
(1.6 ± 0.6 ± 0.2 fb).
The systematic uncertainties of the masses and widths
of the Ξ∗+c and stability of the statistical significance of
the Ξc(3055)
+ are studied by the following fitting config-
urations. The systematic uncertainties due to the signal
PDF are studied by varying σres by 5%. The system-
atic uncertainties due to possible interference between
the Ξc(3055)
+ and Ξc(3080)
+ are studied by fitting the
distribution with an additional phase parameter between
the two Breit-Wigner amplitudes. The systematic uncer-
tainty due to the background shape is studied by fitting
the mass spectra with a second-order polynomial as a
background PDF in the range of 3.005-3.200 GeV/c2. In
none of these fitting configurations does the statistical
significance of the Ξc(3055)
+ fall below 6.6σ. We ap-
ply cut conditions of xp > 0.6 and xp > 0.8 instead of
xp > 0.7 and re-extract the masses and widths of the
8Ξ∗+c states. The differences from the default cut condi-
tion are regarded as systematic uncertainties. The mea-
sured masses, widths and yields of the three Ξ∗+c states
are summarized in Table III. All of these measurements
are consistent with previous Belle measurement [2] within
2.5σ and with the BaBar measurement [6] within 2.0σ.
IV. FINAL STATE WITH Ξ0c
In this section, the analysis of the final state with the
Ξ0c is described. The reconstruction of the Ξ
0
c is presented
first, followed by the analysis of the Ξc(2645)
+. Finally,
a search for Ξ
+(+)
cc decaying into the Ξ0cπ
+(π+) final state
is described.
A. Reconstruction of Ξ0c
The Ξ0c is reconstructed in three decay modes: Ξ
−π+,
ΛK−π+ and pK−K−π+. The Λ is reconstructed from
its decay into pπ−. The proton and π− tracks for Λ can-
didates are fitted to a common vertex. The fitting result
is used to suppress misreconstructed Λ candidates and
to perform the subsequent vertex fit for the Ξ− → Λπ−
or Ξ0c → ΛK−π+. The invariant mass of the Λ candi-
date is required to be within 3 MeV/c2 of the nominal Λ
mass, which corresponds to approximately 3σ of the mass
resolution. The selection based on their decay vertex in-
formation is also applied [48]. The Ξ− is reconstructed
from its decay into Λπ−. The Λ and π− tracks for Ξ−
candidates are fitted to a common vertex. The fitting
result is used to clean up the Ξ− candidates and in the
common vertex fit for the Ξ0c → Ξ−π+. The closest dis-
tance of the Λ and π− along the z-direction is required
to be less than 3 mm. We require cos θ > 0.95, where θ is
the angle between the momentum vector of the Ξ− and
the vector between the IP and the Ξ− decay vertex. The
χ2 of the common-vertex fit of the Λπ− is required to be
less than 50. The invariant mass of a Ξ− candidate is
required to be within 4 MeV/c2 of the nominal Ξ− mass,
which corresponds to approximately 3σ of the mass res-
olution. The daughter particles of the Ξ0c are fitted to
a common vertex. The Ξ0c candidates are selected by
requiring invariant masses of the daughter particles with
common vertex fit to be within 12, 7 and 7 MeV/c2 of the
nominal Ξ0c mass for the Ξ
−π+, ΛK−π+ and pK−K−π+
decay modes, respectively, which correspond to approxi-
mately 1.5σ of the mass resolution. The χ2 value of the
common vertex fit for the Ξ0c is required to be less than
50. The mass constraint fit to the Ξ0c mass is performed.
We optimize the selection criteria for xp in the
Ξ0cπ
+(π+) system with the method described in III B,
again assuming that the xp spectrum for the Ξcc is the
same as that for the Λ+c . We require 0.45 < xp < 1.0 in-
dependent of the Ξcc mass and the Ξ
0
c decay mode. The
same cut is applied for the analysis of the Ξc(2645)
+.
B. Study of the Ξ+c (2645)
Unlike the Λ+c study, the signal-to-background ratio
of the Ξ0c largely depends on the decay modes. There-
fore, to improve our sensitivity for the Ξcc, we perform a
simultaneous fit to the mass spectra for the three Ξ0c de-
cays with fixed relative signal ratios. We use the relative
yields of the Ξc(2645)
+ → Ξ0cπ+ measured for the Ξ0c de-
cay modes to estimate a relative signal yield of the Ξcc.
The relative signal yields of the Ξcc (N
i
Ξcc
) in a given Ξ0c
decay channel can be written as
N iΞcc = N
i
Ξc(2645)+
ǫiΞcc
ǫiΞc(2645)+
, (3)
where N iΞc(2645)+ is the Ξc(2645)
+ yield, ǫiΞcc is the re-
construction efficiency of the Ξcc, and ǫ
i
Ξc(2645)+
is the re-
construction efficiency of the Ξc(2645)
+. Both efficiencies
include the secondary branching fractions for Λ → pπ−
of (63.9 ± 0.5)% and Ξ− → Λπ− of (99.887 ± 0.035)%.
The index i denotes the decay mode of the Ξ0c .
Figure 4 shows the M(Ξ0cπ
+) distribution for each Ξ0c
decay mode below the Ξcc search region. Clear peaks cor-
responding to the Ξc(2645)
+ are seen in all decay modes.
The bump structures near 2.68 GeV/c2 originate from
the process Ξc(2790)
+ → Ξ′0c π+ → Ξ0cγπ+ with a γ miss-
ing in the reconstruction. The simultaneous UML fit is
applied to extract the relative yields and the width of
the Ξc(2645)
+. The Ξc(2645)
+ signal is represented by a
Breit-Wigner function convolved with a Gaussian whose
width corresponds to the mass resolution σres. The value
of σres is 1.05 MeV/c
2, independent of the decay modes of
the Ξ0c . The PDF of the Ξc(2790)
+ reflection is modeled
using MC. f2(x) in Eq. 2 is used as the background PDF
for the Ξ0c → Ξ−π+ decay mode whereas f1(x) in Eq.
1 is used for the Ξ0c → ΛK−π+ and Ξ0c → pK−K−π+
decay modes. The width and mass of the Ξc(2645)
+ are
constrained to be the same for the three decay modes.
The yield of the Ξc(2645)
+ is 1298 ± 51, 1444 ± 58 and
974 ± 47 for the Ξ−π+, ΛK−π+ and pK−K−π+ decay
mode, respectively. The mass and width are obtained to
be 2645.4 ± 0.1 MeV/c2 and 2.6 ± 0.2 MeV/c2, respec-
tively. The χ2/ndf of the fit for the binning in Fig. 4 is
296/276.
To check the consistency of the width measurement
between the Ξ0c decay modes, we fit the three mass spec-
tra separately. The measured widths are found to be
consistent between the three decay modes: 2.9 ± 0.3
MeV/c2, 2.6 ± 0.3 MeV/c2 and 2.5 ± 0.3 MeV/c2 for
Ξ0c → Ξ−π+, ΛK−π+ and pK−K−π+, respectively. The
measured width is found to be consistent for the three
decay modes. The systematic uncertainty of the width
measurement due to the fit procedure is studied with
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FIG. 3: (a) The p∗(Λ+c K
−π+) distribution from data. (b) The M(Λ+c π
+) distribution. The vertical lines show the selected
regions of the Σc(2455)
++ and Σc(2520)
++. (c) TheM(Λ+c K
−π+) distribution with Σc(2455)
++ selection. The dots with error
bars show the distribution for the Σc(2455)
++ selected region whereas the rectangles show the distribution for the Σc(2455)
++
sideband region. The solid line shows the fit result. The dashed, dotted, and dash-dotted lines show the contributions from
the background, Ξc(3055)
+, and Ξc(2980)
+ or Ξc(3080)
+, respectively. (d) The M(Λ+c K
−π+) distribution with Σc(2520)
++
selection. The dots with error bars show the distribution for Σc(2520)
++ selected region whereas the rectangles show the
distribution for the Σc(2520)
++ sideband region. The solid line shows the fit result. The dashed, dotted, and dash-dotted lines
show the contributions from the background, Ξc(3123)
+, and Ξc(3080)
+, respectively.
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FIG. 4: M(Ξ0cπ
+) distributions below the Ξcc search region for (a) Ξ
0
c → Ξ−π+, (b) Ξ0c → ΛK−π+, (c) Ξ0c → pK−K−π+. The
solid lines show the fit result. The dashed, dotted, and dash-dotted lines show the contributions from background, Ξc(2645)
+,
and Ξc(2790)
+, respectively.
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TABLE III: The measured masses and widths of the three Ξ∗+c states. The first error is statistical and second is systematic.
Particle Mass (MeV/c2) Width (MeV/c2) Yield
Ξc(2980)
+ 2974.9 ± 1.5 ± 2.1 14.8 ± 2.5 ± 4.1 244 ± 39
Ξc(3055)
+ 3058.1 ± 1.0 ± 2.1 9.7 ± 3.4 ± 3.3 199 ± 46
Ξc(3080)
+(Σc) 3077.9 ± 0.4 ± 0.7 3.2 ± 1.3 ± 1.3 185 ± 31
Ξc(3080)
+(Σ∗c) 3076.9 ± 0.3 ± 0.2 2.4 ± 0.9 ± 1.6 210 ± 30
pseudo-experiment events samples: the Ξc(2645)
+ com-
ponent is generated according to the signal MC sample
with the natural width of 2.6 MeV/c2 by signal MC,
while contributions from background and Ξc(2790)
+ re-
flection are generated based on the fit result with the
real data. The statistics of the pseudo-experiment sam-
ples are the same as for those of data. The width of the
Ξc(2645)
+ is extracted from simultaneous fits to pseudo-
experiment samples, and its mean value is obtained to
be 2.75 ± 0.03 MeV/c2, which is higher than the in-
put value by 0.15 MeV/c2. The difference is included as
the systematic uncertainty from the fit procedure. The
systematic uncertainty due to the background shape is
studied by fitting the data with a second-order poly-
nomial function for the alternative background shape.
The fit region is restricted to 2.62-2.75 GeV/c2. The
width is obtained to be 2.9 ± 0.2 MeV/c2, which is 0.3
MeV/c2 higher than the default measurement. This de-
viation is included as a systematic uncertainty. To check
the systematic uncertainty due to the mass resolution,
we evaluate the ratio of the resolution of the Ξ0c in the
data and MC, σdata
σmc
, where σdata is the resolution of Ξ
0
c
for data and σmc is that for MC. An additional cut of
2.64 GeV/c2 < M(Ξ0cπ
+) < 2.65 GeV/c2 is applied to
select the Ξc(2645)
+ region only. σdata
σmc
is 0.96 ± 0.03,
1.03 ± 0.07 and 1.07 ± 0.03 for the Ξ−π+, ΛK−π+ and
pK−K−π+ decay modes, respectively. We assign the
systematic uncertainty conservatively by increasing the
mass resolution by 7%, which is the largest deviation of
the σdata
σmc
from unity, for all the decay modes. The re-
sulting width is 2.5 ± 0.2 MeV/c2. The difference of 0.1
MeV/c2 with respect to the default measurement is in-
cluded as a systematic uncertainty. We use alternative xp
range of 0.35 < xp < 1.0 and 0.55 < xp < 1.0 and extract
the width of 2.6 ±0.2 MeV/c2 for the former case and
2.8 ±0.2 MeV/c2 for the latter. The largest difference of
0.2 MeV/c2 with respect to the default measurement is
included as a systematic uncertainty. By adding all the
systematic uncertainties in quadrature, the total system-
atic uncertainty for the width measurement is estimated
to be 0.4 MeV/c2.
C. Search for doubly charmed baryons in the
Ξ0cπ
+(π+) final state
To obtain the relative yields of the Ξcc, ǫ
i
Ξcc
and
ǫiΞc(2645+) are evaluated using MC, and the efficiency ǫ
i
Ξcc
is obtained as a function of the Ξcc mass. N
i
Ξc(2645)+
and
ǫiΞc(2645+) are summarized in Table IV, while ǫ
i
Ξ+cc
as a
function of Ξcc mass is shown in Fig. 5. As an exam-
ple, the relative yield ratio of the Ξ+cc with a mass of 3.6
GeV/c2 is NΞ
−pi+
Ξcc
:NΛK
−pi+
Ξcc
:NpK
−K−pi+
Ξcc
=1:1.15:0.84.
Figure 6 (7) (a)-(c) shows the M(Ξ0cπ
+(π+)) distribu-
tion in the Ξcc search region with all the selection cuts
applied, overlaid with the MC expectation for the Ξcc at
the mass of 3.60 GeV/c2 with σ(e+e− → Ξ+(+)cc X) of 500
fb and both B(Ξ+(+)cc → Ξ0cπ+(π+)) and B(Ξ0c → Ξ−π+)
of 5%. The relative yields of signal MC for each decay
mode are based on N iΞcc .
A simultaneous UML fit, with the relative Ξcc yields
constrained as discussed earlier, is applied to evaluate the
statistical significance of the Ξcc. The signal PDF is de-
scribed with MC events generated for each decay mode
and with the Ξcc mass generated in the search region with
a 1 MeV/c2 step. The mass resolution is 2.7-4.2 MeV/c2,
depending on the mass of the Ξcc. The background PDF
is modeled as a third-order polynomial. The highest sig-
nificance is 3.2σ for the mass around 3.553 GeV/c2 in the
M(Ξ0cπ
+). We perform a pseudo-experiment test to eval-
uate the probability of observing a peak with such a sta-
tistical significance. A smooth mass distribution based
on data is generated and the significance is evaluated in
the entire search region. The probability to observe a
peak with a significance higher than 3.2σ in one pseudo-
experiment is 26%. Therefore, the statistical significance
of 3.2σ is insufficient to claim evidence of the Ξ+cc.
The 95% C.L. upper limit for the product of the cross
section and branching fractions produced with 0.45 <
xp < 1.0 condition,
σB2 ≡ σ(e+e− → Ξ+(+)cc X)× B(Ξ+(+)cc → Ξ0cπ+(π+))
×B(Ξ0c → Ξ−π+)
=
Nsig
2L× ǫΞ−pi+Ξcc (1 +
NΛK
−pi+
Ξcc
NΞ
−pi+
Ξcc
+
N
pK−K−pi+
Ξcc
NΞ
−pi+
Ξcc
)
,
is evaluated with the same method as in section III B.
In addition to the sources from the study with the Λ+c ,
two others are included here. The systematic uncertainty
from the Λ reconstruction efficiency is estimated to be
3% using the yield of the B+ → ΛΛ¯K+ with and with-
out the requirement using decay vertex information. The
systematic uncertainties related to N iΞc(2645)+ are taken
from their statistical errors. The systematic uncertain-
ties are summarized in the fourth column in Table II.
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TABLE IV: Ξc(2645)
+ yields and efficiencies used for estimation of the relative Ξcc yields
Decay mode NΞc(2645)+ ǫΞc(2645)+
Ξ−π+ 1298 ± 51 0.0748 ± 0.0002
ΛK−π+ 1444 ± 58 0.0977 ± 0.0003
pK−K−π+ 974 ± 47 0.1920 ± 0.0005
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FIG. 5: Reconstruction efficiencies for the Ξcc as a function of the Ξcc mass for (a) Ξ
+
cc, (b) Ξ
++
cc . Circles, square and triangle
points are for Ξ0c → Ξ−π+, ΛK−π+ and pK−K−π+, respectively. The lines are the result of the fit with a linear function.
Figure 6 (7) (d) shows σB2 for the Ξ
+(+)
cc as a function
of the mass with a 1 MeV/c2 step. The 95% C.L. upper
limit on σB2 is 0.076–0.35 fb for the Ξ
+
cc and 0.082–0.40
fb for the Ξ++cc .
V. CONCLUSION
We have presented a search for doubly-charmed
baryons and a study of the charmed strange baryons
Ξc(3055)
+, Ξc(3123)
+ and Ξc(2645)
+ using the full data
sample (980 fb−1) collected with the Belle detector. The
search for doubly charmed baryons is an improved study
of our previous work [2]. We use about two times statis-
tics and several additional decay mode, that were not
studied in the previous work.
We search for the Ξcc in the Λ
+
c K
−π+(π+) and
Ξ0cπ
+(π+) final states. The Λ+c is reconstructed from
the pK−π+ and pK0S decay modes. We do not find any
significant Ξcc signal and set a 95% C.L. upper limit on
σ(e+e− → Ξ+(+)cc X) × B(Ξ+(+)cc → Λ+c K−π+(π+)) with
the scaled momentum 0.5 < xp < 1.0: 4.1–25.0 fb for
Ξ+cc and 2.5–26.5 fb for Ξ
++
cc . We also search for the Ξcc
in the Ξ0cπ
+(π+) final state. The Ξ0c is reconstructed
from the Ξ−π+, ΛK−π+, and pK−K−π+ decay modes.
We do not find any significant Ξcc signal and set a 95%
C.L. upper limit on σ(e+e− → Ξ+(+)cc X) × B(Ξ+(+)cc →
Ξ0cπ
+(π+))×B(Ξ0c → Ξ−π+) with the scaled momentum
0.45 < xp < 1.0: 0.076–0.35 fb for the Ξ
+
cc and 0.082–0.40
fb for the Ξ++cc . When we compare these values with the
measurements by BaBar, we should note several things.
We should multiply our result by two as written in section
III. For the final states with Λ+c , their upper limit is for
the product of cross section, B(Ξ+(+)cc → Λ+c K−π+(π+))
and B(Λ+c → pK−π+). The values presented in Ref. [34]
are the highest upper limits in the search region, which
can be compared with our highest values. After taking
into account these points, we find our limits represent
improvements by about a factor two for the final states
with Λ+c and a factor of four for the final states with Ξ
0
c .
If we assume B(Ξ+(+)cc → Λ+c K−π+(π+)), B(Ξ+(+)cc →
Ξ0cπ
+(π+)) and B(Ξ0c → Ξ−π+) to be 5%, which is
equal to the B(Λ+c → pK−π+), the upper limits on the
σ(e+e− → Ξ+ccX) are 82–500 fb (Ξ+cc) and 50–530 fb
(Ξ++cc ) for the decay mode with the Λ
+
c and 30–140 fb
(Ξ+cc) and 33–160 fb (Ξ
++
cc ) for the decay mode with the
Ξ0c . These values are comparable to some of the theoret-
ical predictions [28, 29].
We have searched for the Ξc(3055)
+ and Ξc(3123)
+ in
the Λ+c K
−π+ decays through intermediate Σc(2455)
++
or Σc(2520)
++ states. We observe the Ξc(3055)
+ with
a significance of 6.6σ, including systematic uncertainty.
The mass and width are measured to be 3058.1 ± 1.0
(stat) ± 2.1 (sys) MeV/c2 and 9.7 ± 3.4 (stat) ± 3.3 (sys)
MeV/c2, respectively. We do not observe any significant
signal corresponding to the Ξc(3123)
+.
The first measurement of the width of the Ξc(2645)
+
has been also performed, yielding 2.6 ± 0.2 (stat)± 0.4
(sys) MeV/c2.
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FIG. 6: (a)-(c):M(Ξ0cπ
+) distribution in the Ξ+cc search region for Ξ
0
c → (a) Ξ−π+, (b) ΛK−π+, (c) pK−K−π+. The vertical
error bars are from data. The dashed histograms are from signal MC. (d): 95% C.L. upper limit of the σB2 for Ξ
+
cc as a function
of the mass with a 1 MeV/c2 step.
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We report results of a study of doubly charmed baryons and charmed strange baryons. The
analysis is performed using a 980 fb−1 data sample collected with the Belle detector at the
KEKB asymmetric-energy e+e− collider. We search for doubly charmed baryons Ξ
+(+)
cc with
the Λ+c K
−π+(π+) and Ξ0cπ
+(π+) final states. No significant signal is observed. We also search
for two excited charmed strange baryons, Ξc(3055)
+ and Ξc(3123)
+ with the Σ++c (2455)K
− and
Σ++c (2520)K
− final states. The Ξc(3055)
+ signal is observed with a significance of 6.6 standard
deviations including systematic uncertainty, while no signature of the Ξc(3123)
+ is seen. We also
study properties of the Ξc(2645)
+ and measure a width of 2.6 ± 0.2 (stat) ± 0.4 (syst) MeV/c2,
which is the first significant determination.
PACS numbers: 14.20.Lq, 14.20.-c, 14.20.Gk
I. INTRODUCTION
In recent years, there has been significant progress in
charmed baryon spectroscopy, mainly by the Belle and
BaBar experiments [1–8]. In particular, all the ground
states of the single-charmed baryons predicted by the
constituent quark model and several excited states have
3been observed [9].
However, there are no experimentally established
doubly-charmed baryons. The lightest doubly-charmed
baryon contains two charm quarks and one up or down
quark (Ξ+cc = ccd, Ξ
++
cc = ccu), and the spin-parity of
the ground state is expected to be 12
+
. The mass of the
Ξcc has been extensively studied theoretically, and the
prediction of the quark model ranges from 3.48 GeV/c2
to 3.74 GeV/c2 [10–22], whereas the mass predicted by
lattice QCD ranges from 3.51 GeV/c2 to 3.67 GeV/c2
[23–27]. The cross sections of the Ξcc production in the
process e+e− → ΞccX at
√
s = 10.58 GeV, where X de-
notes the remaining particles produced in the fragmen-
tation, is predicted to be 70 fb in Ref. [28] and 230 fb in
Ref. [29]. The cross section of the pair production of the
cc and c¯c¯ diquarks is predicted to be 7 fb [30].
There have been several experimental studies to search
for the Ξcc. The SELEX collaboration reported evidence
for the Ξ+cc in the Λ
+
c K
−π+ [31] and pD+K− [32] fi-
nal states with a mass of about 3.52 GeV/c2 using a 600
GeV/c charged hyperon beam. However, the results have
not been supported by FOCUS [33], BaBar [34], Belle [2]
nor LHCb [35]. The BaBar collaboration searched for
the Ξ
+(+)
cc in the Λ+c K
−π+(π+) and Ξ0cπ
+(π+) decay
modes with a 232 fb−1 data sample of e+e− collisions
at or near the Υ(4S). They found no evidence for the
Ξ
+(+)
cc and set an upper limit on the product of the
production cross section and branching fractions of Ξcc
and Λ+c or Ξ
0
c to be a few fb, depending on the decay
mode. In our search for the Ξ+cc in the Λ
+
c K
−π+ fi-
nal state with a 462 fb−1 data sample of Belle at or
near the Υ(4S) [2], Belle also found no evidence for
the Ξ+cc and set an upper limit on σ(e
+e− → Ξ+ccX) ×
B(Ξ+cc → Λ+c K−π+)/σ(e+e− → Λ+c X) of 1.5 × 10−4
with a p∗(Λ+c ) > 2.5 GeV/c requirement. Here, p
∗(Λ+c )
is the momentum of the Λ+c in the center-of-mass (CM)
frame.
In this paper, we report on an improved search for
the Ξcc in its weak decays to the Λ
+
c K
−π+(π+) and
Ξ0cπ
+(π+) final states. The Belle collaboration has col-
lected a data sample with a total integrated luminosity
of 980 fb−1, which is around two (four) times the statis-
tics of the previous Ξcc search by Belle [2] (BaBar [34])
and supersedes the results in Ref. [2]. Furthermore, in
the previous studies, the Λ+c and the Ξ
0
c states have
been reconstructed only from decay modes of pK−π+
and Ξ−π+, respectively. We incorporate additional de-
cay modes to improve the statistical sensitivity.
The same data sample can be used to study charmed
strange baryons, as the Λ+c K
−π+ and the Ξ0cπ
+ fi-
nal states are strong decay modes of excited Ξ+c
(Ξ∗+c ) states. The BaBar collaboration found two
Ξ∗+c states, Ξc(3055)
+ and Ξc(3123)
+, decaying to the
Λ+c K
−π+ final state through intermediate Σc(2455)
++
or Σc(2520)
++ states using a data sample of 384 fb−1 [6].
Their statistical significance was 6.4 standard deviations
(σ) and 3.6σ, respectively. A confirmation of these states
in other experiments is necessary. The Ξ0cπ
+ is a strong
decay mode of the Ξc(2645)
+. Currently, only the up-
per limit of 3.1 MeV/c2 exists for its width [36]. In this
paper, we also report on a search for the Ξc(3055)
+ and
Ξc(3123)
+ in the Λ+c K
−π+ final state, and the measure-
ment of the width of the Ξc(2645)
+.
The remaining sections of the paper are organized as
follows. In section II, the data samples and the Belle de-
tector are described. In section III, a study of the final
states with Λ+c , i.e., the Ξcc search and the Ξc(3055)
+ and
Ξc(3123)
+ search, are reported. In section IV, a study
of the final state with Ξ0c i.e., the Ξcc search and mea-
surement of the width of the Ξc(2645)
+, are described.
Finally, conclusions are given in section V.
II. DATA SAMPLES AND THE BELLE
DETECTOR
We use a data sample with a total integrated lumi-
nosity of 980 fb−1 recorded with the Belle detector at
the KEKB asymmetric-energy e+e− collider [37]. The
data samples with different beam energies at or near the
Υ(1S) to Υ(5S) are combined in this study. The beam
energies and integrated luminosities are summarized in
Table I. The luminosity-weighted average of
√
s is 10.59
GeV.
The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector (SVD),
a 50-layer central drift chamber (CDC), an array of aero-
gel threshold Cherenkov counters (ACC), a barrel-like ar-
rangement of time-of-flight scintillation counters (TOF),
and an electromagnetic calorimeter comprised of CsI(Tl)
crystals (ECL) located inside a superconducting solenoid
coil that provides a 1.5 T magnetic field. An iron flux re-
turn located outside of the coil is instrumented to detect
K0L mesons and to identify muons (KLM). The detector
is described in detail elsewhere [38]. Two inner detector
configurations were used. A 2.0 cm radius beampipe and
a 3-layer silicon vertex detector were used for the first
sample of 156 fb−1, while a 1.5 cm radius beampipe, a 4-
layer silicon detector and a small-cell inner drift chamber
were used to record the remaining 824 fb−1 [39].
The selection of charged hadrons is based on infor-
mation from the tracking system (SVD and CDC) and
hadron identification system (CDC, ACC, and TOF).
The charged proton, kaon, and pion that is not asso-
ciated with long-lived particles like K0S , Λ and Ξ
−, is
required to have a point of closest approach to the inter-
action point that is within 0.2 cm in the transverse (r-φ)
direction and within 2 cm along the z-axis. (The z-axis
is opposite the positron beam direction.) For each track,
the likelihood values Lp, LK , and Lpi are provided for
the assumption of proton, kaon and pion, respectively,
from the hadron identification system, based on the ion-
ization energy loss in the CDC, the number of detected
Cherenkov photons in the ACC, and the time of flight
measured by the the TOF. The likelihood ratio is de-
4fined as L(i : j) = Li/(Li + Lj) and a track is identified
as a proton if the likelihood ratios L(p : π) and L(p : K)
are greater than 0.6. A track is identified as a kaon if the
likelihood ratios L(K : π) and L(K : p) are greater than
0.6. A track is identified as a pion if the likelihood ratios
L(π : K) and L(π : p) are greater than 0.6. In addition,
electron (Le) likelihood is provided based on information
from the ECL, ACC, and CDC [40]. A track with an
electron likelihood greater than 0.95 is rejected.
The momentum averaged efficiencies of hadron identifi-
cation are about 90%, 90%, and 93% for pions, kaons and
protons, respectively. The momentum averaged proba-
bility to misidentify a pion (kaon) track as a kaon (pion)
track is about 9 (10)%, and the momentum averaged
probability to misidentify a pion or kaon track as a pro-
ton track is about 5%.
We use a Monte-Carlo (MC) simulation events gener-
ated with EVTGEN [41], JETSET [42] with final QED
final state radiation by PHOTOS [43] and then processed
by a GEANT3 [44] based detector simulation to obtain
the reconstruction efficiency and the mass resolution.
III. FINAL STATE WITH THE Λ+c
In this section, the analysis using the final states with
the Λ+c baryon is described. Reconstruction of the Λ
+
c
candidate is explained first, followed by the description of
the Ξ
+(+)
cc search in its decay into Λ+c K
−π+(π+) and the
study of two charmed strange baryons, Ξc(3055)
+ and
Ξc(3123)
+. Throughout this paper, the selection criteria
are determined to maximize the figure of merit (FOM),
defined as ǫ/
√
Nbg, where ǫ is the Ξcc efficiency for the
selection criteria and Nbg is the number of background
events under the signal peak except for the scaled mo-
mentum selection for Ξc(3055)
+ and Ξc(3123)
+ search,
which followed BaBar’s analysis. The distribution of
background events is estimated based on data. When
the selection criteria are determined, we hide the pos-
sible signal peak by smearing invariant mass of the Ξcc
candidates event by event with a Gaussian having a 50
MeV/c2 width in order to avoid any biases.
A. Reconstruction of the Λ+c
The Λ+c candidates are reconstructed in the pK
−π+
and pK0S decay modes [45]. The K
0
S candidate is re-
constructed from its decay into π+π−. A pair of oppo-
sitely charged pions that have an invariant mass within 8
MeV/c2 of the nominal K0S mass, which corresponds to
approximately 3.5σ of the mass resolution, is used. Two
pion tracks are fitted to a common vertex. The result
of the fit is used to suppress misreconstructed K0S candi-
dates and to perform further vertex fit of the Λ+c → pK0S.
The vertex of the two pions for the K0S is required to be
displaced from the interaction point (IP) in the direction
of the pion pair momentum [46]. The daughters of the Λ+c
are fitted to a common vertex; the invariant mass of the
daughters must be within 5 (6) MeV/c2, or 1.5σ, nom-
inal Λ+c mass for the pK
−π+ (pK0S) decay mode. The
χ2 value of the common vertex fit of the Λ+c is required
to be less than 50. For the remaining candidate, a mass
constraint fit to the Λ+c mass is performed to improve
the momentum resolution. As the signal-to-background
ratio for the Λ+c candidates is similar for the pK
−π+ and
pK0S decay modes, they are combined in the following
analysis. By including the pK0S mode in addition to the
pK−π+ mode, the yield of the Λ+c is increased by about
20%.
B. Search for doubly charmed baryons in
Λ+c K
−π+(π+)
We search for the Ξ
+(+)
cc in its decay into Λ+c K
−π+(π+)
in the mass range of 3.2-4.0 GeV/c2. The expected
mass resolution of the Ξcc estimated from MC is 2.0-3.5
MeV/c2, depending on the mass of the Ξcc (degrading
with increasing mass). In order to reduce the combina-
torial background, a selection on the scaled momentum
xp = p
∗/
√
s/4−m2 is used, where p∗ is the CM momen-
tum of a Ξcc candidate and s is CM energy squared and
m is mass of the Ξcc candidate. As there is no measure-
ment of the xp spectrum for Ξcc production, we assume
it to be the same as that of the Λ+c , which has been
precisely measured [47]. The xp spectrum is represented
by a smooth polynomial function and is used to gener-
ate a MC sample for the Ξcc signal. Decays of the Ξcc
and Λ+c are generated according to the available phase
space distribution. The number of background events as
a function of the xp cut is estimated based on smeared
data. The FOM as a function of the xp cut is surveyed
in the search region. The optimization procedure yields
0.5 < xp < 1.0 regardless of the Ξcc mass. To check the
validity of our analysis, we independently examine the
xp spectrum of the Λ
+
c and confirm that it is consistent
with that presented in Ref. [47].
Figure 1 (a) and (b) show the M(Λ+c K
−π+) and
M(Λ+c K
−π+π+) distributions, respectively, for data af-
ter all the event selections applied. No significant sig-
nal is seen in the data for either Ξ+cc or Ξ
++
cc . The sta-
tistical significance for a given mass is evaluated with
an unbinned extended maximum likelihood (UML) fit.
The probability density function (PDF) for the signal is
described with signal MC generated for each given Ξcc
mass, whereas a third-order polynomial function is used
as the background PDF. The statistical significance is
defined as
√
−2 ln (L0/L), where L0 is the likelihood for
the fit without the signal component and L is the likeli-
hood for the fit with the signal component included. The
significance is evaluated for the Ξcc mass scanned with a
1 MeV/c2 step in the search region. None of the mass
points give a significance exceeding the 3σ level.
5TABLE I: Summary of the integrated luminosities and beam energies.
√
s Υ(5S)/near it Υ(4S)/near it Υ(3S)/near it Υ(2S)/near it Υ(1S)/near it
Integrated luminosity (fb−1) 121.0/29.3 702.6/89.5 2.9/0.3 24.9/1.8 5.7/1.8
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FIG. 1: Invariant mass distribution of the Ξcc candidates for (a) M(Λ
+
c K
−π+), (b) M(Λ+c K
−π+π+); the vertical error bars
are from data and the dashed histogram are from signal MC for the Ξcc signal generated with a mass of 3.60 GeV/c
2 and a
production cross section σ(e+e− → Ξ+(+)cc X) of 500 fb and B(Ξ+(+)cc → Λ+c K−π+(π+)) of 5%. 95% C.L. upper limit of σB as a
function of the mass with a 1 MeV/c2 step for (c) Ξ+cc and (d) Ξ
++
cc .
The 95% confidence level (C.L.) upper limit for the
product of the cross section and branching fraction to
the ΛcK
−π+(π+) state produced with the 0.5 < xp < 1.0
condition,
σB ≡ σ(e+e− → Ξ+(+)cc X)× B(Ξ+(+)cc → Λ+c K−π+(π+))
=
Nsig
2LBpK−pi+(ǫpK−pi+ + ǫpKSBpKS/BpK−pi+)
,
is evaluated. Here, L is the total integrated luminos-
ity, Nsig is the Ξcc signal yield, BpK−pi+ is the branching
fraction of the Λ+c → pK−π+ (which amounts to 0.050
± 0.013), BpKS is the branching fraction of Λ+c → pK0S
measured relative to the pK−π+ mode (BpKS/BpK−pi+ =
0.24 ± 0.02), and ǫpK−pi+(pKS) is the reconstruction effi-
ciency for the Λ+c → pK−π+ (Λ+c → pK0S) decay mode
evaluated as a function of the Ξcc mass. The efficiencies
for the Ξ
+(+)
cc as a function of their masses are shown in
Fig. 2. The factor of two in the denominator comes from
inclusion of the charge-conjugate mode. By including
this factor, our measurement can be compared with the
theoretical predictions [28, 29]; while to compare with
the prediction in Ref. [30], it is necessary to multiply our
σB measurement by 2 because they predicted the cross
section of the pair production of the cc and c¯c¯ diquarks.
In BaBar’s measurement [34], they do not introduce the
factor of two (i.e., they report an upper limit for the
sum of the σ(e+e− → Ξ+(+)cc X) and its charge-conjugate
mode). Therefore, our measurement should be doubled
when comparing with BaBar’s result. We note that the
cross section reported here and elsewhere in this paper is
a visible cross section (i.e., a radiative correction is not
applied.
The upper limit is evaluated following the Bayesian ap-
proach. First, we scan the likelihood profile by determin-
ing the likelihood values as a function of the σB (L(σB)),
varying Nsig from zero up to the Nsig value for which the
likelihood drops to zero. Then, L(σB) is convolved with
a Gaussian whose width equals the systematic uncertain-
ties of σB. The σB value for which the integral (starting
from σB = 0) becomes 95% of the entire area is regarded
6as the 95% C.L. upper limit.
We consider the following systematic uncertainties in
the Ξcc search. The systematic uncertainty due to the ef-
ficiency of pion and kaon identification is estimated from
the ratio of the yield of the D∗+ → D0π+, D0 → K−π+
with and without the pion/kaon identification require-
ments for data and MC. The difference of the ratio be-
tween data and MC is corrected and the statistical er-
ror of the ratio is regarded as the systematic uncertainty.
The systematic uncertainty due to the efficiency of proton
identification is estimated using the ratio of the yield of
the Λ→ pπ− with and without the proton identification
requirement. The difference of the ratio between data
and MC is corrected and the statistical error of the ratio
is regarded as the systematic uncertainty. The systematic
uncertainty due to the charged track reconstruction effi-
ciency is estimated using the decay chain D∗+ → π+D0,
D0 → π+π−K0S , and K0S → π+π−, where K0S → π+π−
is either partially or fully reconstructed. The ratio of
the yields for partially and fully reconstructed signals in
data and MC is compared, and the difference is taken
as the systematic uncertainty. This amounts to 0.35%
per track. The systematic uncertainty of the total inte-
grated luminosity is 1.4%. To check the systematic error
due to the signal PDF, we compare the mass resolution
of the Λ+c in data and MC. We find that the resolution
for data is 5% larger than in MC. To monitor the effect
of this discrepancy, we perform a pseudo-experiment test
in which we extract the signal yield with correct PDF
and one that is narrower by 5%. The largest difference
of 3% measured in this test is regarded as the system-
atic uncertainty. The systematic uncertainty related to
the Λ+c branching fraction is propagated from the errors
taken from the PDG [9]. To estimate the systematic un-
certainty of the reconstruction efficiency due to the pos-
sible difference of xp spectrum between our assumption
(the same as that of Λ+c ) and actual one, we examine
the xp dependence of the reconstruction efficiency. The
root mean square of the reconstruction efficiency in the
region of 0.5 < xp < 1.0 is regarded as the systematic
uncertainty. The elements of the systematic uncertainty
for the measurement of the σB are enumerated in the first
and second columns of Table II.
Figures 1 (c) and (d) show the 95% C.L. upper limit
on σB for Ξ
+
cc and Ξ
++
cc , respectively, as a function of the
mass with a 1 MeV/c2 step. The upper limit is in the
range of 4.1–25.0 fb for the Ξ+cc and 2.5–26.5 fb for the
Ξ++cc .
C. Search for the Ξ+c (3055) and Ξ
+
c (3123)
In this section, a search for the Ξ+c (3055) and Ξ
+
c (3123)
is described. Here, we require xp to be greater than
0.7. In the analysis by BaBar [6], they required
p∗(Λ+c K
−π+) >2.9 GeV/c, which is similar to our xp
cut as illustrated by the p∗(Λ+c K
−π+) distribution, with
the xp cut and 2.9 GeV/c
2 < M(Λ+c K
−π+) < 3.2
GeV/c2 required as shown in Fig. 3 (a). Figure 3 (b)
shows the M(Λ+c π
+) distribution, where contributions
from the Σc(2455)
++ and the Σc(2520)
++ baryons are
clearly visible. We select the Σc(2455)
++ (Σc(2520)
++)
region by requiring |M(Λ+c π+)−mΣ++c | < 5 (18) MeV/c2,
where mΣ++c is the nominal mass of the Σc(2455)
++ or
Σc(2520)
++.
Figure 3 (c) shows the M(Λ+c K
−π+) distribution for
the Σc(2455)
++ signal region together with the same
plot for the Σc(2455)
++ sideband region, defined as
|M(Λ+c π+)− (mΣc(2455)++ ± 15 MeV/c2 )| < 5 MeV/c2.
Clear peaks corresponding to the Ξc(2980)
+, Ξc(3055)
+
and Ξc(3080)
+ are seen. To obtain the statistical signifi-
cance of the Ξc(3055)
+, an UML fit is applied. PDFs for
the Ξ∗+c components are represented by a Breit-Wigner
line-shape convolved with a Gaussian to account for the
invariant-mass resolution (σres). Using the signal MC
events, we estimate σres to vary from 1.2 to 1.8 MeV/c
2,
depending on the masses of the Ξ∗+c states. The width
and mean of the Breit-Wigner functions are treated as
free parameters. The background PDF, f1(x), is mod-
eled with a threshold function:
f1(x) = 1− exp((x − x0)/δm)(x/x0)a
+ b(x/x0 − 1) (if x > x0)
f1(x) = 0 (if x < x0), (1)
where a, b, x0, and δm are free parameters in the fit.
The fit result is shown in Fig. 3 (c). To estimate
the statistical significance of the Ξc(3055)
+, we compare
the likelihood values for the fits with and without the
Ξc(3055)
+ component. The obtained −2 ln (L0/L) value
is 54.7. By taking into account the change of the num-
ber of degrees of freedom (ndf) by the inclusion of the
Ξc(3055)
+ component, the statistical significance of the
Ξc(3055)
+ becomes 6.8σ. The χ2/ndf of the fit with the
Ξc(3055)
+ component, for the binning of Fig. 3 (c), is
54.8/61.
Figure 3 (d) shows the M(Λ+c K
−π+) distribution for
the Σc(2520)
++ selected region together with the same
plot for the Σc(2520)
++ sideband region, defined as
|M(Λ+c π+)−(mΣc(2520)++±27 MeV/c2 )| < 12 MeV/c2.
A clear peak corresponding to the Ξc(3080)
+ is seen,
while no peak structure is seen in the mass near 3.123
GeV/c2. An UML fit is applied to extract the signal
yield. Again, the Ξ∗+c components are represented by a
Breit-Wigner function convolved with a Gaussian. For
the Ξc(3080)
+ component, the mass and width of the
Breit-Wigner are treated as free parameters; while for
the Ξc(3123)
+ component, the mass and width are fixed
to the values obtained in Ref.[6]. The background shape,
f2(x), is assumed to be:
f2(x) = (1 − exp((x − x0)2/δm))(x/x0)a
+ b(x/x0 − 1) + c((x/x0)2 − 1) (if x > x0)
f2(x) = 0 (if x < x0), (2)
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FIG. 2: Reconstruction efficiency as a function of the Ξcc mass, for (a) Ξ
+
cc, (b) Ξ
++
cc . Circular points are for Λ
+
c → pK−π+
and square points are for Λ+c → pK0S. The lines show the result of the fit with a linear function.
TABLE II: Summary of the systematic uncertainties in the σB and σB2 measurement (%).
Source Ξ+cc with Λ
+
c Ξ
++
cc with Λ
+
c Ξc(3123)
+ Ξ+cc with Ξ
0
c Ξ
++
cc with Ξ
0
c
Particle ID 2.0 2.4 2.0 3.5 3.8
Tracking 1.8 2.1 1.8 1.8 2.1
Signal PDF 3.5 3.5 28.0 3.5 3.5
Luminosity 1.4 1.4 1.4 1.4 1.4
B 26.0 26.0 1.6 0.7 0.7
xp 2.1 2.3 1.2 6.0 5.7
N iΞc(2645)+ - - - 4.3 4.3
total 26.5 26.6 28.2 9.2 9.2
where a, b, c, x0, and δm are fit parameters. The χ
2/ndf
of the fit with the Ξc(3123)
+ component for the binning
of Fig. 3 (d) is 28.6/42. The yield of the Ξc(3123)
+ is 8
± 22 events, which is consistent with zero. Hence, a 95%
C.L. upper limit for the production cross section is eval-
uated with the method described in the previous section.
To directly compare with the BaBar result in Ref. [6],
the upper limit for the product of the cross section and
branching fraction of Λ+c produced with xp > 0.7 condi-
tion,
σ
BΛ+c
≡ σ(e+e− → Ξc(3123)+X)× B(Λ+c → pK−π+)
=
Nsig
2L(ǫpK−pi+ + ǫpKS × BpKS/BpK−pi+)
,
is evaluated. As in Ref. [6], we assume B(Ξc(3123)+ →
Σc(2520)
++K−) is equal to 1.
To take the uncertainty of the Ξc(3123)
+ mass and
width from Ref. [6] into account, we perform a pseudo-
experiment test. The background and Ξc(3080)
+ con-
tributions are generated with statistics similar to data
and based on the fit result. The Ξc(3123)
+ component is
generated with mass and width changed by ±1σ, corre-
sponding to their measured uncertainties (3122.9± 1.3 ±
0.4 MeV/c2 for the mass and 4.4 ± 3.4 ± 1.7 MeV/c2 for
the width). The yield of Ξc(3123)
+ is extracted by fit-
ting pseudo-experiment data with the procedure used for
data. The ratio of the generated and extracted yield is
regarded as a systematic uncertainty. Because the error
of the width is relatively large, its systematic uncertainty
contribution is dominant (28%). All of the systematic er-
rors are summarized in the third column of Table II. The
95% C.L. upper limit on σ
BΛ+c
is 0.17 fb. As in the case
of the Ξcc cross section, the measurement in Ref. [6] does
not introduce a factor of two for the σ
BΛ+c
calculation.
Therefore, we should double our measurement, which re-
sults in 0.34 fb, when comparing with BaBar’s result.
The value is much smaller than that quoted in Ref. [6]
(1.6 ± 0.6 ± 0.2 fb).
The systematic uncertainties of the masses and widths
of the Ξ∗+c and stability of the statistical significance of
the Ξc(3055)
+ are studied by the following fitting config-
urations. The systematic uncertainties due to the signal
PDF are studied by varying σres by 5%. The system-
atic uncertainties due to possible interference between
the Ξc(3055)
+ and Ξc(3080)
+ are studied by fitting the
distribution with an additional phase parameter between
the two Breit-Wigner amplitudes. The systematic uncer-
tainty due to the background shape is studied by fitting
the mass spectra with a second-order polynomial as a
background PDF in the range of 3.005-3.200 GeV/c2. In
none of these fitting configurations does the statistical
significance of the Ξc(3055)
+ fall below 6.6σ. We ap-
ply cut conditions of xp > 0.6 and xp > 0.8 instead of
xp > 0.7 and re-extract the masses and widths of the
8Ξ∗+c states. The differences from the default cut condi-
tion are regarded as systematic uncertainties. The mea-
sured masses, widths and yields of the three Ξ∗+c states
are summarized in Table III. All of these measurements
are consistent with previous Belle measurement [2] within
2.5σ and with the BaBar measurement [6] within 2.0σ.
IV. FINAL STATE WITH Ξ0c
In this section, the analysis of the final state with the
Ξ0c is described. The reconstruction of the Ξ
0
c is presented
first, followed by the analysis of the Ξc(2645)
+. Finally,
a search for Ξ
+(+)
cc decaying into the Ξ0cπ
+(π+) final state
is described.
A. Reconstruction of Ξ0c
The Ξ0c is reconstructed in three decay modes: Ξ
−π+,
ΛK−π+ and pK−K−π+. The Λ is reconstructed from
its decay into pπ−. The proton and π− tracks for Λ can-
didates are fitted to a common vertex. The fitting result
is used to suppress misreconstructed Λ candidates and
to perform the subsequent vertex fit for the Ξ− → Λπ−
or Ξ0c → ΛK−π+. The invariant mass of the Λ candi-
date is required to be within 3 MeV/c2 of the nominal Λ
mass, which corresponds to approximately 3σ of the mass
resolution. The selection based on their decay vertex in-
formation is also applied [48]. The Ξ− is reconstructed
from its decay into Λπ−. The Λ and π− tracks for Ξ−
candidates are fitted to a common vertex. The fitting
result is used to clean up the Ξ− candidates and in the
common vertex fit for the Ξ0c → Ξ−π+. The closest dis-
tance of the Λ and π− along the z-direction is required
to be less than 3 mm. We require cos θ > 0.95, where θ is
the angle between the momentum vector of the Ξ− and
the vector between the IP and the Ξ− decay vertex. The
χ2 of the common-vertex fit of the Λπ− is required to be
less than 50. The invariant mass of a Ξ− candidate is
required to be within 4 MeV/c2 of the nominal Ξ− mass,
which corresponds to approximately 3σ of the mass res-
olution. The daughter particles of the Ξ0c are fitted to
a common vertex. The Ξ0c candidates are selected by
requiring invariant masses of the daughter particles with
common vertex fit to be within 12, 7 and 7 MeV/c2 of the
nominal Ξ0c mass for the Ξ
−π+, ΛK−π+ and pK−K−π+
decay modes, respectively, which correspond to approxi-
mately 1.5σ of the mass resolution. The χ2 value of the
common vertex fit for the Ξ0c is required to be less than
50. The mass constraint fit to the Ξ0c mass is performed.
We optimize the selection criteria for xp in the
Ξ0cπ
+(π+) system with the method described in III B,
again assuming that the xp spectrum for the Ξcc is the
same as that for the Λ+c . We require 0.45 < xp < 1.0 in-
dependent of the Ξcc mass and the Ξ
0
c decay mode. The
same cut is applied for the analysis of the Ξc(2645)
+.
B. Study of the Ξ+c (2645)
Unlike the Λ+c study, the signal-to-background ratio
of the Ξ0c largely depends on the decay modes. There-
fore, to improve our sensitivity for the Ξcc, we perform a
simultaneous fit to the mass spectra for the three Ξ0c de-
cays with fixed relative signal ratios. We use the relative
yields of the Ξc(2645)
+ → Ξ0cπ+ measured for the Ξ0c de-
cay modes to estimate a relative signal yield of the Ξcc.
The relative signal yields of the Ξcc (N
i
Ξcc
) in a given Ξ0c
decay channel can be written as
N iΞcc = N
i
Ξc(2645)+
ǫiΞcc
ǫiΞc(2645)+
, (3)
where N iΞc(2645)+ is the Ξc(2645)
+ yield, ǫiΞcc is the re-
construction efficiency of the Ξcc, and ǫ
i
Ξc(2645)+
is the re-
construction efficiency of the Ξc(2645)
+. Both efficiencies
include the secondary branching fractions for Λ → pπ−
of (63.9 ± 0.5)% and Ξ− → Λπ− of (99.887 ± 0.035)%.
The index i denotes the decay mode of the Ξ0c .
Figure 4 shows the M(Ξ0cπ
+) distribution for each Ξ0c
decay mode below the Ξcc search region. Clear peaks cor-
responding to the Ξc(2645)
+ are seen in all decay modes.
The bump structures near 2.68 GeV/c2 originate from
the process Ξc(2790)
+ → Ξ′0c π+ → Ξ0cγπ+ with a γ miss-
ing in the reconstruction. The simultaneous UML fit is
applied to extract the relative yields and the width of
the Ξc(2645)
+. The Ξc(2645)
+ signal is represented by a
Breit-Wigner function convolved with a Gaussian whose
width corresponds to the mass resolution σres. The value
of σres is 1.05 MeV/c
2, independent of the decay modes of
the Ξ0c . The PDF of the Ξc(2790)
+ reflection is modeled
using MC. f2(x) in Eq. 2 is used as the background PDF
for the Ξ0c → Ξ−π+ decay mode whereas f1(x) in Eq.
1 is used for the Ξ0c → ΛK−π+ and Ξ0c → pK−K−π+
decay modes. The width and mass of the Ξc(2645)
+ are
constrained to be the same for the three decay modes.
The yield of the Ξc(2645)
+ is 1298 ± 51, 1444 ± 58 and
974 ± 47 for the Ξ−π+, ΛK−π+ and pK−K−π+ decay
mode, respectively. The mass and width are obtained to
be 2645.4 ± 0.1 MeV/c2 and 2.6 ± 0.2 MeV/c2, respec-
tively. The χ2/ndf of the fit for the binning in Fig. 4 is
296/276.
To check the consistency of the width measurement
between the Ξ0c decay modes, we fit the three mass spec-
tra separately. The measured widths are found to be
consistent between the three decay modes: 2.9 ± 0.3
MeV/c2, 2.6 ± 0.3 MeV/c2 and 2.5 ± 0.3 MeV/c2 for
Ξ0c → Ξ−π+, ΛK−π+ and pK−K−π+, respectively. The
measured width is found to be consistent for the three
decay modes. The systematic uncertainty of the width
measurement due to the fit procedure is studied with
9p*(Λc+K-pi+)(GeV/c)
0
100
200
300
400
500
600
2.5 3 3.5 4 4.5 5
Ev
en
ts
/(0
.02
5 G
eV
/c)
M(Λc+pi+) (GeV/c2)
0
100
200
300
400
500
600
700
800
2.42 2.44 2.46 2.48 2.5 2.52 2.54 2.56 2.58 2.6
Ev
en
s/
(0.
00
1G
eV
/c2
)
)2) (GeV/c+pi-K+cΛM(
2.95 3 3.05 3.1 3.15 3.2
 
)
2
Ev
en
ts
 / 
( 0
.00
4 G
eV
/c
0
20
40
60
80
100
120
140 (c)
)2) (GeV/c+pi-K+cΛM(
2.95 3 3.05 3.1 3.15 3.2
 
)
2
Ev
en
ts
 / 
( 0
.00
4 G
eV
/c
0
20
40
60
80
100
120
140
160
180
200
220
(d)
FIG. 3: (a) The p∗(Λ+c K
−π+) distribution from data. (b) The M(Λ+c π
+) distribution. The vertical lines show the selected
regions of the Σc(2455)
++ and Σc(2520)
++. (c) TheM(Λ+c K
−π+) distribution with Σc(2455)
++ selection. The dots with error
bars show the distribution for the Σc(2455)
++ selected region whereas the rectangles show the distribution for the Σc(2455)
++
sideband region. The solid line shows the fit result. The dashed, dotted, and dash-dotted lines show the contributions from
the background, Ξc(3055)
+, and Ξc(2980)
+ or Ξc(3080)
+, respectively. (d) The M(Λ+c K
−π+) distribution with Σc(2520)
++
selection. The dots with error bars show the distribution for Σc(2520)
++ selected region whereas the rectangles show the
distribution for the Σc(2520)
++ sideband region. The solid line shows the fit result. The dashed, dotted, and dash-dotted lines
show the contributions from the background, Ξc(3123)
+, and Ξc(3080)
+, respectively.
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FIG. 4: M(Ξ0cπ
+) distributions below the Ξcc search region for (a) Ξ
0
c → Ξ−π+, (b) Ξ0c → ΛK−π+, (c) Ξ0c → pK−K−π+. The
solid lines show the fit result. The dashed, dotted, and dash-dotted lines show the contributions from background, Ξc(2645)
+,
and Ξc(2790)
+, respectively.
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TABLE III: The measured masses and widths of the three Ξ∗+c states. The first error is statistical and second is systematic.
Particle Mass (MeV/c2) Width (MeV/c2) Yield
Ξc(2980)
+ 2974.9 ± 1.5 ± 2.1 14.8 ± 2.5 ± 4.1 244 ± 39
Ξc(3055)
+ 3058.1 ± 1.0 ± 2.1 9.7 ± 3.4 ± 3.3 199 ± 46
Ξc(3080)
+(Σc) 3077.9 ± 0.4 ± 0.7 3.2 ± 1.3 ± 1.3 185 ± 31
Ξc(3080)
+(Σ∗c) 3076.9 ± 0.3 ± 0.2 2.4 ± 0.9 ± 1.6 210 ± 30
pseudo-experiment events samples: the Ξc(2645)
+ com-
ponent is generated according to the signal MC sample
with the natural width of 2.6 MeV/c2 by signal MC,
while contributions from background and Ξc(2790)
+ re-
flection are generated based on the fit result with the
real data. The statistics of the pseudo-experiment sam-
ples are the same as for those of data. The width of the
Ξc(2645)
+ is extracted from simultaneous fits to pseudo-
experiment samples, and its mean value is obtained to
be 2.75 ± 0.03 MeV/c2, which is higher than the in-
put value by 0.15 MeV/c2. The difference is included as
the systematic uncertainty from the fit procedure. The
systematic uncertainty due to the background shape is
studied by fitting the data with a second-order poly-
nomial function for the alternative background shape.
The fit region is restricted to 2.62-2.75 GeV/c2. The
width is obtained to be 2.9 ± 0.2 MeV/c2, which is 0.3
MeV/c2 higher than the default measurement. This de-
viation is included as a systematic uncertainty. To check
the systematic uncertainty due to the mass resolution,
we evaluate the ratio of the resolution of the Ξ0c in the
data and MC, σdata
σmc
, where σdata is the resolution of Ξ
0
c
for data and σmc is that for MC. An additional cut of
2.64 GeV/c2 < M(Ξ0cπ
+) < 2.65 GeV/c2 is applied to
select the Ξc(2645)
+ region only. σdata
σmc
is 0.96 ± 0.03,
1.03 ± 0.07 and 1.07 ± 0.03 for the Ξ−π+, ΛK−π+ and
pK−K−π+ decay modes, respectively. We assign the
systematic uncertainty conservatively by increasing the
mass resolution by 7%, which is the largest deviation of
the σdata
σmc
from unity, for all the decay modes. The re-
sulting width is 2.5 ± 0.2 MeV/c2. The difference of 0.1
MeV/c2 with respect to the default measurement is in-
cluded as a systematic uncertainty. We use alternative xp
range of 0.35 < xp < 1.0 and 0.55 < xp < 1.0 and extract
the width of 2.6 ±0.2 MeV/c2 for the former case and
2.8 ±0.2 MeV/c2 for the latter. The largest difference of
0.2 MeV/c2 with respect to the default measurement is
included as a systematic uncertainty. By adding all the
systematic uncertainties in quadrature, the total system-
atic uncertainty for the width measurement is estimated
to be 0.4 MeV/c2.
C. Search for doubly charmed baryons in the
Ξ0cπ
+(π+) final state
To obtain the relative yields of the Ξcc, ǫ
i
Ξcc
and
ǫiΞc(2645+) are evaluated using MC, and the efficiency ǫ
i
Ξcc
is obtained as a function of the Ξcc mass. N
i
Ξc(2645)+
and
ǫiΞc(2645+) are summarized in Table IV, while ǫ
i
Ξ+cc
as a
function of Ξcc mass is shown in Fig. 5. As an exam-
ple, the relative yield ratio of the Ξ+cc with a mass of 3.6
GeV/c2 is NΞ
−pi+
Ξcc
:NΛK
−pi+
Ξcc
:NpK
−K−pi+
Ξcc
=1:1.15:0.84.
Figure 6 (7) (a)-(c) shows the M(Ξ0cπ
+(π+)) distribu-
tion in the Ξcc search region with all the selection cuts
applied, overlaid with the MC expectation for the Ξcc at
the mass of 3.60 GeV/c2 with σ(e+e− → Ξ+(+)cc X) of 500
fb and both B(Ξ+(+)cc → Ξ0cπ+(π+)) and B(Ξ0c → Ξ−π+)
of 5%. The relative yields of signal MC for each decay
mode are based on N iΞcc .
A simultaneous UML fit, with the relative Ξcc yields
constrained as discussed earlier, is applied to evaluate the
statistical significance of the Ξcc. The signal PDF is de-
scribed with MC events generated for each decay mode
and with the Ξcc mass generated in the search region with
a 1 MeV/c2 step. The mass resolution is 2.7-4.2 MeV/c2,
depending on the mass of the Ξcc. The background PDF
is modeled as a third-order polynomial. The highest sig-
nificance is 3.2σ for the mass around 3.553 GeV/c2 in the
M(Ξ0cπ
+). We perform a pseudo-experiment test to eval-
uate the probability of observing a peak with such a sta-
tistical significance. A smooth mass distribution based
on data is generated and the significance is evaluated in
the entire search region. The probability to observe a
peak with a significance higher than 3.2σ in one pseudo-
experiment is 26%. Therefore, the statistical significance
of 3.2σ is insufficient to claim evidence of the Ξ+cc.
The 95% C.L. upper limit for the product of the cross
section and branching fractions produced with 0.45 <
xp < 1.0 condition,
σB2 ≡ σ(e+e− → Ξ+(+)cc X)× B(Ξ+(+)cc → Ξ0cπ+(π+))
×B(Ξ0c → Ξ−π+)
=
Nsig
2L× ǫΞ−pi+Ξcc (1 +
NΛK
−pi+
Ξcc
NΞ
−pi+
Ξcc
+
N
pK−K−pi+
Ξcc
NΞ
−pi+
Ξcc
)
,
is evaluated with the same method as in section III B.
In addition to the sources from the study with the Λ+c ,
two others are included here. The systematic uncertainty
from the Λ reconstruction efficiency is estimated to be
3% using the yield of the B+ → ΛΛ¯K+ with and with-
out the requirement using decay vertex information. The
systematic uncertainties related to N iΞc(2645)+ are taken
from their statistical errors. The systematic uncertain-
ties are summarized in the fourth column in Table II.
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TABLE IV: Ξc(2645)
+ yields and efficiencies used for estimation of the relative Ξcc yields
Decay mode NΞc(2645)+ ǫΞc(2645)+
Ξ−π+ 1298 ± 51 0.0748 ± 0.0002
ΛK−π+ 1444 ± 58 0.0977 ± 0.0003
pK−K−π+ 974 ± 47 0.1920 ± 0.0005
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FIG. 5: Reconstruction efficiencies for the Ξcc as a function of the Ξcc mass for (a) Ξ
+
cc, (b) Ξ
++
cc . Circles, square and triangle
points are for Ξ0c → Ξ−π+, ΛK−π+ and pK−K−π+, respectively. The lines are the result of the fit with a linear function.
Figure 6 (7) (d) shows σB2 for the Ξ
+(+)
cc as a function
of the mass with a 1 MeV/c2 step. The 95% C.L. upper
limit on σB2 is 0.076–0.35 fb for the Ξ
+
cc and 0.082–0.40
fb for the Ξ++cc .
V. CONCLUSION
We have presented a search for doubly-charmed
baryons and a study of the charmed strange baryons
Ξc(3055)
+, Ξc(3123)
+ and Ξc(2645)
+ using the full data
sample (980 fb−1) collected with the Belle detector. The
search for doubly charmed baryons is an improved study
of our previous work [2]. We use about two times statis-
tics and several additional decay mode, that were not
studied in the previous work.
We search for the Ξcc in the Λ
+
c K
−π+(π+) and
Ξ0cπ
+(π+) final states. The Λ+c is reconstructed from
the pK−π+ and pK0S decay modes. We do not find any
significant Ξcc signal and set a 95% C.L. upper limit on
σ(e+e− → Ξ+(+)cc X) × B(Ξ+(+)cc → Λ+c K−π+(π+)) with
the scaled momentum 0.5 < xp < 1.0: 4.1–25.0 fb for
Ξ+cc and 2.5–26.5 fb for Ξ
++
cc . We also search for the Ξcc
in the Ξ0cπ
+(π+) final state. The Ξ0c is reconstructed
from the Ξ−π+, ΛK−π+, and pK−K−π+ decay modes.
We do not find any significant Ξcc signal and set a 95%
C.L. upper limit on σ(e+e− → Ξ+(+)cc X) × B(Ξ+(+)cc →
Ξ0cπ
+(π+))×B(Ξ0c → Ξ−π+) with the scaled momentum
0.45 < xp < 1.0: 0.076–0.35 fb for the Ξ
+
cc and 0.082–0.40
fb for the Ξ++cc . When we compare these values with the
measurements by BaBar, we should note several things.
We should multiply our result by two as written in section
III. For the final states with Λ+c , their upper limit is for
the product of cross section, B(Ξ+(+)cc → Λ+c K−π+(π+))
and B(Λ+c → pK−π+). The values presented in Ref. [34]
are the highest upper limits in the search region, which
can be compared with our highest values. After taking
into account these points, we find our limits represent
improvements by about a factor two for the final states
with Λ+c and a factor of four for the final states with Ξ
0
c .
If we assume B(Ξ+(+)cc → Λ+c K−π+(π+)), B(Ξ+(+)cc →
Ξ0cπ
+(π+)) and B(Ξ0c → Ξ−π+) to be 5%, which is
equal to the B(Λ+c → pK−π+), the upper limits on the
σ(e+e− → Ξ+ccX) are 82–500 fb (Ξ+cc) and 50–530 fb
(Ξ++cc ) for the decay mode with the Λ
+
c and 30–140 fb
(Ξ+cc) and 33–160 fb (Ξ
++
cc ) for the decay mode with the
Ξ0c . These values are comparable to some of the theoret-
ical predictions [28, 29].
We have searched for the Ξc(3055)
+ and Ξc(3123)
+ in
the Λ+c K
−π+ decays through intermediate Σc(2455)
++
or Σc(2520)
++ states. We observe the Ξc(3055)
+ with
a significance of 6.6σ, including systematic uncertainty.
The mass and width are measured to be 3058.1 ± 1.0
(stat) ± 2.1 (sys) MeV/c2 and 9.7 ± 3.4 (stat) ± 3.3 (sys)
MeV/c2, respectively. We do not observe any significant
signal corresponding to the Ξc(3123)
+.
The first measurement of the width of the Ξc(2645)
+
has been also performed, yielding 2.6 ± 0.2 (stat)± 0.4
(sys) MeV/c2.
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FIG. 6: (a)-(c):M(Ξ0cπ
+) distribution in the Ξ+cc search region for Ξ
0
c → (a) Ξ−π+, (b) ΛK−π+, (c) pK−K−π+. The vertical
error bars are from data. The dashed histograms are from signal MC. (d): 95% C.L. upper limit of the σB2 for Ξ
+
cc as a function
of the mass with a 1 MeV/c2 step.
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